This study presents the methods and results of part of the HAPiNZ (Health and Air Pollution in New Zealand) study. A part of this project was to produce accurate measures of pollution exposure for the entire population of New Zealand living in urban areas. Suitable data are limited in most parts of New Zealand with some areas having no monitoring at all. As a result, this project has developed an empirical model to estimate annual exposure values for the whole country down to the census area unit level. This uses surrogate emission indicators and meteorological variables. Data sources used include census data on domestic heating, industrial emissions estimates, vehicle kilometres travelled and meteorological measurements. These were used to calculate annual exposure estimates and were then compared to monitored data for the areas where monitoring data were available. Results show a good association between the model estimates and the monitored data, enabling advanced health effects assessments for the country's entire urban population. Keywords: air pollution, exposure, empirical model, regression.
Introduction
Links between adverse air quality and health are now well established (Brunekreef and Holgate, 2002) . This is especially true for cases when pollution concentrations are high as was seen in an event such as the London Smog of 1952 (Bell and Davis, 2001) or more recently in London in 1991 (Anderson et al., 1995) . Less clear is the health impact the lower concentrations of pollution might have. To this end, studies have attempted to quantify links between actual concentrations of air pollution and health effects (Kunzli et al., 1997; COMEAP, 1998; Ku¨nzli et al., 2000; WHO, 2001) . This is especially true for particulates where it has been suggested there is no level below which there are no significant health impacts, with the WHO (2006) stating ''there is little evidence to suggest a threshold below which no adverse health effects would be anticipated. In fact, the lower range of concentrations at which adverse health effects has been demonstrated is not greatly above the background concentration' ' (WHO, 2006, pp. 275 to 276) . Consequently there is an increasing need for accurate estimates of particulate pollution at fine spatial levels to enable identification of potential health effects. In addition, many countries are now adopting air quality guidelines or standards as part of their efforts to manage air quality including the United States, United Kingdom, Australia and New Zealand. Identifying representative sites to locate pollution monitors and an understanding of spatial variation in concentrations of pollution is of significant importance.
The principal aim of this study was to develop a method for estimating annual average particulate pollution concentrations for small spatial areal units, where good quality pollution data are sparse. In this particular instance, the area of study is New Zealand. Methods adopted had to account for different sources of particulates, namely domestic heating, traffic and industry, as well as background concentrations. Before examining these methods, a brief overview of the approaches to estimating pollution exposure will be presented, followed by a discussion of particulate pollution in New Zealand.
Estimating Pollution Exposure
Accurate estimation of pollution exposure is essential in studying links between ambient PM 10 and health. This is increasingly the case as studies that air pollution can vary by an order of magnitude within urban areas (Jerrett et al., 2005; Wilson et al., 2005 Wilson et al., , 2006 with the variation within cities often greater than that between them (Briggs et al., 2000) . This will inevitably have significant implications for studies of health effects and for the successful implementation of air quality standards or guidelines.
Central monitoring sites are frequently unsuitable as indicators of particulate exposure concentrations across urban areas are not always uniform . Jerrett et al (2005) review some alternative approaches; proximity-based assessments, statistical interpolation, land use regression models, line dispersion models, integrated emission-meteorological models, and hybrid models (combining one or more of the preceding methods with some monitoring). They conclude that ''hybrid models y appear well suited to overcoming the conundrum of achieving population representative samples while understanding the role of exposure variation at the individual level'' (Jerrett et al., 2005, p. 192) . The decision as to which of these methods to choose depends on a variety of factors including data availability and the scale of the study area.
Availability of data (whether it be monitoring, meteorological and/or emissions data) to a large extent dictates which approaches to exposure estimation are available. If good spatial coverage of monitoring data is not available, then interpolation methods are largely ruled out, whereas if good quality meteorological or emissions data are not available then dispersion models and integrated emissionmeteorological models are also ruled out. Land use regression models and proximity-based measures also require good quality inputs to get good estimates of exposure. These methods can be improved by combining with some monitoring data if it is available (Jerrett et al., 2005) . The scale of the area for which exposure estimates are measured will also affect the approaches available. If estimates are required for a large area then the computational power required may be too large. In addition, choosing small spatial units that can reflect small-scale variations in exposure is important. In many places, accurate monitored pollution data at appropriate spatial scales are not available. Moreover, suitable emissions and meteorological data needed to run dispersion models may also not be available. In such situations empirical models based on more available data may be the only practical method available.
Particulate Pollution in New Zealand
New Zealand is a country with four million people, which promotes and takes pride in its ''clean green'' image. However recent years have seen an awareness of an increasing air pollution problem, especially particulate pollution. The nature of particulate pollution in New Zealand differs in one way from most other industrialised countries. While traffic is a significant source of particulate pollution, a major source in areas where high concentrations are recorded is domestic heating in the form of wood burning. This impact of wood burning varies spatially with more taking place in the cooler South Island than the North Island. Consequently, some urban areas in South Island have more significant particulate pollution problems relative to population. Christchurch is the most reported example (Spronken-Smith et al., 2002; Ayrey and Kingham, 2004) (Zawar-Reza et al., 2005) . TAPM is an atmospheric dispersion model, which Estimating census unit population exposure Kingham et al.
combines meteorological and emissions data to estimate pollution levels. The meteorological part of the model predicts the local-scale circulations, such as sea breezes and slope flows, in conjunction with larger scale synoptic meteorological fields. Coupled with locally generated emissions, TAPM simulates PM 10 concentrations for 1 km grid squares across the entire area. Statistical measures such as the Index of Agreement between modelled and measured data indicate that the model performed well (Zawar-Reza et al., 2005) . These TAPM data were used to develop some of the estimates that were then applied to the whole of New Zealand. Each different source used slightly different variables to predict ambient pollution values (Table 1) , which are discussed in more detail below. Using TAPM estimates for Christchurch will work best in areas that are geographically similar to Christchurch. This is not always the case especially for meteorology, which shows significant variations between regions. As a result other regionally based variables were also used. TAPM requires reasonably extensive data inputs and resources that were simply not available for most of the areas under study.
Domestic Wood Combustion Sources
The method adopted for the domestic wood combustion source particulate pollution was to use a regression approach using the TAPM domestic estimate as the dependent variable. The best resultant regression equation was then used to determine values for the whole of New Zealand and then amended according to known regional variations.
The key data to be used was an independent variable in the regression equation related to domestic wood combustion. The only data that relate to domestic wood combustion that is available for the whole country is a question in the New Zealand census household questionnaire that asks: ''which of the following are ever used to heat this dwelling'' and includes among the options wood and coal (www.stats. govt.nz). This was used to calculate the density of wood fires in each CAU. These were used as the independent variables in a regression equation with the TAPM estimated domestic wood combustion pollution value as the dependent. The density of wood fires variable was statistically significant (Po0.01) and the resultant equation produced an r 2 of 0.48. (Note that coal is still used in some small rural areas, but is rarely used in larger cities, and is now not a significant contributor to air pollution and consequent exposure for most of the country.)
While the census indicates how many households use wood burning as one of their forms of heating, it does not give an indication of wood use or availability. This will impact total wood use, which in turn will affect particulate emissions and ultimately concentrations. This will vary regionally and as a consequence an area wood use factor was required. This was estimated by using survey data collected within several urban areas and extrapolating the results to similar types of urban Estimation from monitoring
areas (Ministry for the Environment, 2003a). This work was conducted as part of another study assessing how many woodburner units were to be replaced in some 40 towns around New Zealand in order to meet the new particulate standards. The ''wood use'' factor was derived using a combination of objective and subjective methods. It was set arbitrarily at 1 for the core study area of Christchurch. It was then increased generally for colder areas (to the south of Christchurch) and decreased for warmer areas (to the North)Fon the basis that heating patterns broadly follow these climatic patterns. The amount of increase or decrease (ranging from 1.8 to 0.4), was somewhat subjective, but was based on relative wood use figures obtained from a Ministry for the Environment study on national emissions (unpublished as of May 2007). Some allowance also had to be made for areas that experience high usage because of local circumstance F for instance Tokoroa is a wood mill town, in the middle of a large forest, where wood supplies are plentiful and cheap. It was assigned a high wood use factor because of this; this is also shown in the Ministry survey results.
To account for variations in fire use and the likelihood of weather conditions causing pollution, meteorology data were used. In low temperatures people are most likely to use their wood burners (Isaacs et al., 2005) . In addition, low temperatures, calm conditions (low wind speed) and no rain are required for the chimney emissions to result in pollution, so this information is also needed. Consequently, the numbers of winter days (defined as May to September in Isaacs et al., 2005) when the minimum temperature was below 51CC, the average wind speed was below 3 m/s and there was no rainfall, were calculated. This was then expressed as a proportion of days where these conditions were experienced in Christchurch. The cutoffs for temperature and wind speed were based on making a realistic selection for portioning the data in a usable fashion. A lower cutoff for temperature would have eliminated too many cases, as the temperature in many study areas rarely falls below 01C. A higher temperature, say 101C, would have included too many cases that were not relevant. The 51C choice was a sensible medium value. The wind speed selection was based on a detailed examination of the windconcentration plots for a number of sites. At wind speeds greater than 3 m/s (hourly average), it is very unusual to measure high concentrations of PM 10 due to heating emissions. These invariably only occur for winds speed below 3 m/s. This division in the data is very marked, and represents an obvious choice for studying and modelling high PM 10 concentrations. This was also a regional factor, as the required meteorology data are not collected at the scale of CAUs.
A final domestic wood combustion equation was developed (Eq. (1)) and applied to all the urban CAUs in New Zealand. 
where: woodfires represents wood fires per square kilometre, ccddays the number of days in winter (May to September), where the minimum temperature is below 51C, mean wind is below 3 m/s and there is no rainfall, as a proportion of the number of days those conditions were experienced in Christchurch, and wooduse, represents estimated area wood use factor.
Traffic Sources
The regression approach used for domestic wood combustion sources was also used for vehicle pollution. The dependent variable was the vehicle pollution value for Christchurch CAUs estimated using TAPM. The first independent variable was vehicle kilometres travelled per square kilometre. This was calculated using the Ministry of Transport Crash Analysis System. This second variable was proximity to other CAUs. This was calculated within a Geographical Information System (GIS) as the number of CAUs within 5 kms of the centroid of the CAU of interest. This was used as a surrogate for emissions entering from neighbouring CAUs, the hypothesis being that more CAUs in close proximity would lead to increased motor vehicles in the area and consequently affect a CAUs vehicle pollution concentrations. The vehicle kilometres travelled and number of CAUs within 5 km variables were both statistically significant (Po0.01) and an r 2 of 0.86 was obtained with the resultant equation.
To account for variations in weather conditions likely to cause pollution, meteorology data were used. As dry, calm conditions are required for the traffic emissions to result in pollution, this information is also needed. Consequently, the number of days when the average wind speed was below 3 m/s and there was no rainfall were calculated. This was then expressed as a proportion of days where these conditions were experienced in Christchurch.
A final traffic equation was developed and applied to all the urban CAUs in New Zealand where: VKT is Million vehicle kilometres travelled per square kilometer, CAUsin5K the number of CAUs within 5 km of the CAU centroid, cddays ¼ number of days where the mean wind is below 3 m/s and there is no rainfall, as a proportion of the number of days those conditions were experienced in Christchurch.
Industrial Sources
Industrial sources were from the area where there was probably least suitable data available. There are no available national data on emissions for all industrial sources available at a suitable spatial scale, whereas some data are available relating to larger licensed industrial sources that can be used to estimate pollution concentrations from such
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sources. However, less significant sources also need to be included.
Minor Sources To estimate pollution concentrations from smaller sources, a simple population density approach was adopted, based on the emissions input into, and the modeled results produced by, the TAPM model used for Christchurch (Zawar-Reza et al., 2005) . The aim was to estimate the industrial pollution concentration in areas where there was no major source of industrial pollution. Since industrial pollution from major sources would disperse into neighbouring CAUs this had to be taken into account, and it was arbitrarily assumed that half the pollution would be accounted for by this. The mean TAPM pollution concentration for all those CAUs, where there was no major industrial source (less than 1 kg/day emitted), was compared with the mean population density using linear regression; this was statistically significant (Po0.01) with an r 2 of 0.44. From this it was calculated that a population density of 1-9.99 persons/ha equates to an annual PM 10 concentration of 0.5 mg m Main Sources Emissions data for the main industrial sources were obtained by surveying all of the Regional Councils in New Zealand. The country comprises 15 such areas that have primary responsibility for licensing discharges to air. All of the processes that discharge PM 10 at rates in excess of 10 kg/day were included, and there are about 70 of these in the country. These were made available as kilograms emitted per CAU. These large source emission estimates needed to be converted into ground level concentrations. These would need to be done without being able to use dispersion models and with limited meteorological data. This involved a variety of steps. Firstly, the mass for each CAU had to be converted into a volume over which that mass would spread. This included going outwards and also upwards, creating a cone of dispersion. This was done using a simulated run of TAPM using average values calculated from previous model runs. These were an emission rate of 1.4 g/s, an exit velocity of output 4 m/s and an exit temperature of 15 degrees Celsius. In addition, to estimate the vertical transport of the emissions the atmospheric mixing height values were included. These ranged from 25 to 1500 m (an average of 435 m). The resulting cone of pollution was then overlaid onto a raster grid of 250 m Â 250 m cells. Taking into account the relevant height of the cone at each cell, a new raster can be calculated to show weight of PM 10 deposited in that cell during a year.
A resultant map was generated by adding together all of the raster grids, for each of the PM 10 sources. This was then converted to CAUs by using overlaying techniques within a GIS. To convert this to a concentration in micrograms per cubic metre, reference was again made to the Christchurch study area (Zawar-Reza et al., 2005) . After subtracting the calculated minor source values, regression was used to identify the relationship between the TAPM estimated industrial pollution concentrations and the calculated annual major source pollution deposition concentrations. This regression equation was then applied to the calculated annual major source pollution deposition levels for the whole country to convert them into concentrations (in micrograms per cubic metre).
Background Concentrations
The final component of particulate concentrations to be estimated was background sources, including windblown dust and sea salt. This was done only for urban areas, as the basis for the study is to estimate pollution exposure and was based on geographical characteristics of areas and local knowledge about particulate pollution. The choice of background concentrations is perhaps the most subjective part of the study, since there is very little specific data. Almost all monitoring sites are selected for the high exposures, and there is only one site in the country located in a true background location (20 km from the nearest urban source). An examination of all the hourly (or daily) time series, along with locational and weather information, give some reasonable indicators of PM 10 concentrations that are unaffected by anthropogenic emissions. These can occur when the monitor is at the edge of the urban area and the wind is from outside of the area. Such background estimates were made for several suitable sites (Christchurch, Auckland, New Plymouth, Napier, Kaikoura, Dunedin, Gisborne, and Whangarei).
To make the necessary extension to all of the other 67 urban areas, each was categorised in terms of its similarity in geographical features to the test sites. Most fell into the ''urban flat'' or ''urban valley'' category, common for NZ cities. The ''coastal'' locations were more problematic, since these can have a highly variable degree of exposure. For instance, Nelson is right on the coast, but in a very sheltered bay with few strong winds. Conversely. Kaikoura is very exposed to strong winds and regularly experiences a noticeable sea-salt haze leading to high background PM 10 . It is acknowledged that this assignment of background values is subjective, and is currently the focus a new separate research study to refine this aspect of the work. Background categories and their estimated annual PM 10 concentrations are shown in Table 2 .
Comparison with other Models
In addition to the model described, other simple models were run. This was done to see if the additional effort in using the method adopted shows better prediction than a very simplistic method. In this case, population density, density of wood fires and vehicle kilometres travelled per km 2 were used. It should, of course, be noted that these simpler models have an inherent disadvantage in that they are not able to differentiate between the different pollutant sources.
Model Validation
To validate the estimated total concentration values comparison was made with available monitoring data. Monitored PM 10 data for the year 2001 (the year of study) were available for 43 locations in New Zealand, 26 in North Island and 17 in South Island. Of these nine were in the Greater Auckland area, four in the Greater Christchurch area and two each in Tauranga, Blenheim and Dunedin. The data were obtained from a range of monitors, all operating at Australian standards (that are equivalent to the US EPA methods): 40% of the data come from standard Hi-Vol samplers, 30% from standard Beta Gauges, 15% from a HiVol equivalent known as the Partisol and 15% from TEOM adjusted for equivalency with Hi-Vols. Some caution needs to be exercised in attempting such a validation on 1 year of data, since inter-annual variability can be significant in some areas (due, for instance, to a climate factor, or perhaps some local construction activity, wild fires, etc), so, where available, several years of data were examined.
Results and discussion

Estimated Pollution Concentrations
Estimated values of PM 10 for all urban CAUs in New Zealand were calculated for all sources, and also individually for different sources; Domestic, Vehicle and Industry and also Background (Table 3) . Total annual PM 10 ranged from 7.1 to 36 mg m À3 with a median value of 14.3 mg m
À3
, and an inter-quartile range of 12.2 to 16.8 mg m
. This suggests that some areas significantly exceed the annual guideline value of 20 mg m À3 (Ministry for the Environment, 2002). There are some noticeable differences in concentrations between the two Islands ( 
Model Validation Results
In terms of the method presented here, of interest is how well it predicts the monitored annual concentrations. Estimated values were compared to monitored data for CAUs where monitoring took place (Figure 2) . A scatterplot of estimated against monitored data for CAUs where monitoring took place is presented in Figure 3 with an r 2 value of 0.86. It can clearly be seen that the estimated values closely predict the actual monitored values. This figures fit well with the r 2 values achieved in studies of nitrogen dioxide in Europe (Briggs et al., 1997 (Briggs et al., , 2000 , the United States (Ross et al., 
2006
) and Canada although it should be noted that both these studies were for citywide areas whereas this study has estimated values for a whole country. Using a similar approach a multisite study in Europe (Brauer et al., 2003; Cyrys et al., 2005) produced r 2 values of between 0.76 and 0.9 for predicting annual fine particle concentrations for their study sites in the Netherlands, Munich and Stockholm, again similar to the figures in this study. It can be Therefore concluded that this study produces similar r 2 values to those of other research. (Note that the proportions of particulates from various sources shown in Figure 2 do not necessarily agree with the proportions in the published emissions inventories for the regions where these have been done. This is because (a) background sources are included here, whereas typically in Council inventories these are not estimated, and (b) the categorisation is different, for instance 'industrial sources' here include an estimate of emissions from minor industries whereas in Council inventories they often only include licensed dischargers.)
It can also be seen (Figures 2 and 3) that the model predicts equally well for high and low pollution areas. While there are some differences between modelled and monitored values, they do not cluster at either high or low values but are located randomly through the dataset. It should also be noted that there is less difference between modelled and monitored in South Island (r 2 ¼ 0.88, r 2 increases to 0.93 when the three Christchurch sites are removed) than in North Island (r 2 ¼ 0.76). There could be a number of reasons for this. First of course the model has been partly based on statistical relationships between modelled and monitored data for Christchurch (as discussed in Methods section). Therefore, it may be expected that the model would work better in South Island. A further issue relates to how accurate the monitoring values are, especially in relation to the location of samplers. The model generates spatial averages that are perhaps more representative of general population exposure characteristics than some specific point source monitors. For example, anecdotal evidence suggests that the Wellington sampler, which shows monitoring results higher than modeled, is located near roads and thus has recorded higher levels, while the Upper Hutt sampler is in a rural area and therefore is under-sampling. Further analysis of the actual sites of each sampler, which was beyond the scope of this study, would help identify such features.
Comparison with other Models
Scatterplots of estimated pollution values using the simple models against monitored data for CAUs where monitoring took place is presented in Figure 4 . The r 2 values for all three models, population density (r 2 ¼ 0.01), vehicle density (r 2 ¼ 0.02) and wood fire density (r 2 ¼ 0.04), are all substantially lower than the r 2 value of 0.86 achieved by our model. If just vehicle density in North Island (where vehicles are a greater source of PM 10 ) and wood fire density in South Island (where they are the main source of PM 10 ) are used the r 2 values are 0.15 and 0.04 respectively. Clearly, this model is substantially better at predicting monitored values than the simpler models are.
Source Contribution
As well as examining the differences in actual pollution values, it is also valuable to examine the relative contributions of the different sources (Table 4 ). The median contribution of the main sources are as follows: vehicles account for 36%, domestic 24% and industry 9%, with the remaining 25% being from background sources. This can be slightly misleading as the contribution of background concentrations is proportionally greater when overall concentrations are lower. To account for this, median proportions from different sources were examined in CAUs that exceeded the 75th percentile value of 16.8 mg m
À3
. Taking this into account, the median contribution of the main sources are as follows: domestic wood combustion rising and accounting for 50%, vehicles and industry dropping to 23% and 7% respectively, with the remaining 19% being from background sources. The change is even more noticeable in North Island where the proportion from domestic wood combustion doubles from 16.5% to nearly 34%, with decreases in the other sources. Clearly, it can be concluded that in areas of higher pollution, it is the contribution of domestic wood combustion sources that is most significant.
Conclusions
This research has used regression methods to estimate PM 10 pollution for all significant urban areas of New Zealand down to the census area unit using very basic data sources. The values generated accurately predict measured values at those areas where measurements were taken and r 2 values are similar to those achieved in other similar studied. Although there are some aspects in this research that are empirical and even crude, the results are appropriate for the purpose envisaged. Alternative approaches, such as extensive new monitoring, and/or full airshed modelling for all of the urban areas being studies, would have cost a great deal more and taken much longer than the time available. It is expected that as such monitoring and modelling studies are undertaken they will confirm, and refine, the estimate made with the model here, but not change them dramatically. This research has estimated the contribution to the total of the main sources; domestic wood combustion heating, vehicles, industry and background. These source contributions seem reasonable and fit with the expectations of those responsible for air quality managements in the respective urban areas. The final results are being used in detailed health effects assessments, and give more accurate and reliable information than is possible using other methods, at an acceptably low cost. In addition, the results will be used to identify places where additional sampling may be required.
